Compartmentalization is essential for a brain area to be involved in different functions through topographic afferent and efferent connections that reflect this organization. The adult cerebellar cortex is compartmentalized into longitudinal stripes, in which Purkinje cells (PCs) have compartment-specific molecular expression profiles. How these compartments form during development is generally not understood. To investigate this process, we focused on the late developmental stages of the cerebellar compartmentalization that occur from embryonic day 17.5 (E17.5), when embryonic compartmentalization is evidently observed, to postnatal day 6 (P6), when adult-type compartmentalization begins to be established. The transformation between these compartmentalization patterns was analyzed by mapping expression patterns of several key molecular markers in serial cerebellar sections in the mouse. A complete set of 54 clustered PC subsets, which had different expression profiles of FoxP2, PLC␤4, EphA4, Pcdh10, and a reporter molecule of the 1NM13 transgenic mouse strain, were distinguished in three-dimensional space in the E17.5 cerebellum. Following individual PC subsets during development indicated that these subsets were rearranged from a clustered and multilayered configuration to a flattened, single-layered and striped configuration by means of transverse slide, longitudinal split, or transverse twist spatial transformations during development. The Purkinje cell-free spaces that exist between clusters at E17.5 become granule cell raphes that separate striped compartments at P6. The results indicate that the ϳ50 PC clusters of the embryonic cerebellum will ultimately become the longitudinal compartments of the adult cerebellum after undergoing various peri-and postnatal transformations that alter their relative spatial relationships.
Introduction
The adult cerebellar cortex is subdivided transversely by its lobular folding (Larsell, 1952) and longitudinally by compartments of Purkinje cell (PC) subsets that are defined by the expression patterns of certain molecules. For example, in adulthood, aldolase C (zebrin II) is highly expressed in PCs in ϳ20 longitudinally arranged compartments (Brochu et al., 1990) . Longitudinal compartments have specific projection patterns of efferent PC axons and afferent olivocerebellar axons (Voogd et al., 2003; Sugihara et al., 2009) , and are involved in different aspects of movement control and other cerebellar functions (Horn et al., 2010) .
The cerebellar compartmentalization and compartmentspecific axonal projections are established during development. PCs arise at embryonic day 10.5 (E10.5)-E12.5 and migrate upward to form a multi-cell-thick immature PC layer at ϳE14.5 (Goffinet, 1983) . The immature PC layer is compartmentalized into several aggregations of PCs in the late embryonic period (Korneliussen, 1968; Altman and Bayer, 1997) . Compartmentalization of the PC layer is also revealed in the area-dependent difference in the expression profiles of molecules during this period (Millen et al., 1995; Wilson et al., 2011) . Since mice that lack one of these molecules failed to establish proper olivocerebellar (EphA4; Hashimoto et al., 2012) and spinocerebellar projections (En1 and En2; Sillitoe et al., 2010) , embryonic molecular compartmentalization seems to be essential for the establishment of functional cerebellar organization.
The details of how the embryonic cerebellar compartments are organized and transformed to the adult compartments are generally unclear. The sets of embryonic compartments that have been reported (Wassef and Sotelo, 1984; Oberdick et al., 1993; Millen et al., 1995; Larouche et al., 2006; Wilson et al., 2011) have barely been consistent with each other. These studies did not look at the entire cerebellar cortex or fully identify the immature lobules in which the compartments were located. Additionally, these studies did not identify all of the clusters that comprise the entire population of PCs. Furthermore, compartment-dependent expression patterns of many molecules, including Pcp2 and Wnt7B (Smeyne et al., 1991; Millen et al., 1995) , are not stable during development, which prevents a direct comparison between embryonic and adult compartments. Although birthdate-specific viral labeling and transgene-induced fate mapping have been used to trace some PC subsets through development (Hashimoto and Mikoshiba, 2003; Sillitoe et al., 2009) , embryonic compartmentalization has not yet been clarified for the entire cerebellar cortex.
Here, we labeled embryonic PCs for specific marker molecules (particularly FoxP2; Fujita and Sugihara, 2012) and carefully distinguished compartments by visualizing the combined expression profiles of several relatively stable molecules, including ␤-galactosidase in the 1NM13 transgenic mouse strain (␤- Figure 1 . Development of the ␤-gal expression pattern in the 1NM13 transgenic mouse strain. A-E, Whole-mount ␤-gal visualization in the 1NM13 cerebellum at E17.5 (A), P1 (B), P3 (C), P6 (D), and P12 (E). Dorsal view. Filled and open arrowheads indicate paramedian and hemispheral areas that begin to express ␤-gal earlier than other areas. These two areas can be clearly followed from E17.5 to P12, although many other ␤-gal-positive areas emerged between P0 and P12. Lobulation of the cerebellum also developed during this period. F, Adult-type longitudinal compartments represented by the aldolase C expression pattern mapped on the unfolded scheme of the entire cerebellar cortex (Sugihara and Quy, 2007) . The ␤-gal expression pattern in the 1NM13 cerebellum at P12 is closely related to the aldolase C expression pattern (Furutama et al., 2010) . Scale bar in E applies to A-E. Synthetic peptide derived from C-terminal amino acids of isoforms I, II, IV, and V of human FOXP2: REIEEEPLSEDLE Everest Biotech, goat polyclonal, Cat. # EB05226, Lot # 160409 1:5000 for fluorescent, 1:10000 for DAB FoxP2
A KLH-conjugated synthetic peptide between 664 and 693 amino acids from the C-terminal region of human FOXP2
Abgent, rabbit polyclonal, Cat. # AP5753b, Lot # SA100916AA
1:1000
Pcdh10
The cytoplasmic domain of the OL-pc isoform (Aoki et al., 2003) Millipore, rat monoclonal, clone 5G10, Cat. # MABT20, Lot # NRG1759424 ; Furutama et al., 2010 ), PLC␤4 (Marzban et al., 2007 , EphA4 Mikoshiba, 2003), and Pcdh10 (Hirano et al., 1999) . First, we identified and three-dimensionally reconstructed what appears to be the complete set of compartments that make up the complete PC population from serial sections of the E17.5 mouse cerebellum. Next, we followed these compartments from the embryonic to the postnatal cerebellum to reveal how the embryonic compartmentalization is transformed during development.
Materials and Methods
Animals. The experimental protocols described in this paper were approved by the Institutional Animal Care and Use Committee of Tokyo Medical and Dental University (100147, 0110302A, and 120093B). Embryos and pups [E17.5, n ϭ 29; postnatal day 0 (P0), n ϭ 7; P1, n ϭ 12; P3, n ϭ 4; P6, n ϭ 17; P12, n ϭ 1] of the transgenic mouse line 1NM13 (Furutama et al., 1996 (Furutama et al., , 2010 were used. This mouse strain carries a transgene that codes Escherichia coli ␤-galactosidase (␤-gal) protein fused to the nuclear localization signal that is driven by the IP3R1 gene promoter. This transgenic mouse strain was maintained on a B6C3F1 genetic background by mating heterozygotic males with wild-type females that were supplied by a local breeder (CLEA Japan). ␤-Galactosidase expressed in heterozygotic 1NM13 mice is designated "␤-gal 1NM13 " in this paper.
Histology. The day when the vaginal plug was detected in mating was designated E0.5. The day when the pups were born was considered P0. Anesthesia, perfusion, and fixation were performed as described previously (Fujita and Sugihara, 2012). To determine the genotypes (hetero- Figure 2 . Compartmentalization into clusters in the E17.5 PC layer. A, Lateral view of whole-mount ␤-gal 1NM13 visualization in the E17.5 brain. Lines indicate the level and direction of sections shown in B-M. B-E, Photomicrographs of immunostaining for PC-marker molecules, FoxP2 (B) and ROR␣ (C). These photos and DAPI counterstaining were merged into artificial color channels in a coronal section of the cerebellum at E17.5 (D). Square in D indicates the area of the magnified photo in E. Arrowheads in E indicate PC-sparse space between PC clusters, which were filled with cells that were labeled with DAPI. F-M, Double-staining for ␤-gal 1NM13 (blue) and FoxP2 (brown) in coronal (F-I ) and horizontal (J-M ) sections. Note that FoxP2 expression is variable in intensity among PC clusters. Accompanying illustrations (F-M) depict outlines of the PC clusters in the section with temporary names (see Results). Bluish colors in some depicted clusters in F-M indicate the general expression intensity of ␤-gal 1NM13 in the clusters. Areas outside of the cerebellum have been trimmed. The relative position of individual sections within the entire caudorostral or dorsoventral range of the cerebellum is indicated as percentage in F-M. Scale bar in D applies to B-D; scale bar in I applies to F-M. Abbreviations in this and subsequent figures are as follows: I-X, Lobules I-X; a-c, sublobules a-c (as in VIa); C, caudal; CN, cerebellar nuclei; Cop, copula pyramidis; cp, choroid plexus; Cr I, crus I of the ansiform lobule; Cr II, crus II of the ansiform lobule; D, dorsal; DC, dorsal cochlear nucleus; Fl, flocculus; f. ic, intercrural fissure; f. pc, preculminate fissure; f. pl, posterolateral fissure; f. pr, primary fissure; f. sec, secondary fissure; GT, germinal trigone; L, lateral; M, medial; Par, paramedian lobule; PFl, paraflocculus; R, rostral; Sim, simple lobule; V, ventral.
zygote or wild-type) of the individual brains, the rostral part of the cerebrum was dissected and subjected to 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) staining for ␤-gal visualization. ␤-Gal is highly expressed in the olfactory and other cerebral cortices in the heterozygote of the 1NM13 strain (Furutama et al., 1996) . After being washed in PBS, the rostral cerebrum was incubated in 0.5 mg/ml X-gal (Takara Shuzo), 3 mM potassium ferricyanide, 3 mM potassium ferrocyanide, 1 mM MgCl 2 in PBS (pH 7.4) plus 0.15% Triton X-100 at 37°C overnight, and then rinsed several times in PBS. Indigo coloring indicated heterozygotes.
To visualize ␤-gal expression in the whole-mount preparation, the whole brain or the dissected cerebellum of heterozygotes was stained with X-gal (above) at 37°C for 30 min to 48 h. For whole-cerebellum preparation, the cerebellum was dissected out from the rest of the brain before X-gal staining.
To make serial-section preparations, brains were coated with gelatin solution (10% gelatin, 10% sucrose in 10 mM phosphate buffer, 32°C). The gelatin block was hardened by chilling and then soaked for 2 nights in fixative with a high sucrose content (5% paraformaldehyde, 30% sucrose in 0.05 M phosphate buffer, pH 7.4). Coronal, horizontal, or sagittal sections were cut on a freezing microtome at a thickness of 40 m, and a complete set of serial sections was collected. The ventral surface of the medulla at the level of the inferior olive was regarded as the horizontal plane.
To visualize ␤-gal expression in serial-section preparations, sections were stained with X-gal (above) before immunohistochemistry.
Immunohistochemistry with bright-field diaminobenzidine (DAB) visualization and fluorescent visualization were performed as described previously (Fujita and Sugihara, 2012) . Goat anti-EphA4 (R&D Systems), goat anti-FoxP2 (Everest Biotech), mouse anti-Calbindin-D28k (Sigma-Aldrich), rabbit anti-Calbindin-D28k (AnaSpec), rabbit antiFoxP2 (Abgent), rabbit anti-PLC␤4 (Santa Cruz Biotechnology), rabbit anti-ROR␣ (Santa Cruz Biotechnology), and rat anti-OL-protocadherin (Millipore) antibodies were used as primary antibodies. After being incubated with a mixture of appropriate primary antibodies, specimens were incubated with a mixture of appropriate secondary antibodies that had biotin or fluorescent tags. Table 1 contains detailed information on the antibodies used. The biotin-tagged secondary antibodies were then visualized with DAB. After immunohistochemistry, some sections were fluorescently counterstained with 4Ј,6-diamidino-2-phenylindole, dihydrochloride (DAPI; -cellstain-DAPI, D212, Dojindo).
Whole-mount immunostaining was performed according to Sillitoe and Hawkes (2002) , except that we used biotin-conjugated secondary antibody and biotinylated peroxidase-avidin complex instead of peroxidase-conjugated secondary antibody before DAB visualization, similar to the method for sections (above).
Bright-field sections were photographed using a film scanner (Dimage AF-5000, Minolta) at a resolution of 4800 pixels per inch for routine systematic analysis. Some sections were photographed using a digital camera (DP-50, Olympus) attached to a microscope (BX41, Olympus) for detailed analysis and for paper figures. Fluorescence sections were photographed with an appropriate filter in 16-bit gray- scale using a cooled color CCD camera (DP-70, Olympus) attached to a conventional fluorescent microscope (BX51WI, Olympus). Wholemount specimens were photographed using a DP-70 camera attached to a macrozoom microscope (MVX10, Olympus). Photomicrographs were adjusted with regard to contrast and brightness and assembled using software (Photoshop 7, Adobe). An appropriate combination of pseudo-color was applied to the fluorescent photomicrographs using Photoshop. To match fluorescent and bright-field images of the same section for multilabeling, the bright-field photomicrograph taken in grayscale was digitally inverted in the intensity scale and then given pseudo-fluorescent color. In some figures, montages were made by combining two photomicrographs.
Identification of PC clusters. PC clusters were identified by the combined observation of PC layer arrangements, particularly PC gaps, and expression patterns of FoxP2, ␤-gal 1NM13 , PLC␤4, EphA4, and Pcdh10. Based on comparisons of four sets of multilabeled serial sections (FoxP2-␤-gal 1NM13 , FoxP2-␤-gal 1NM13 -Pcdh10, FoxP2-EphA4, and FoxP2-PLC␤4), aggregations of PCs that had similar molecular expression profiles were identified.
Measurement of labeling intensity. The intensity of marker expression in a cluster (see Fig. 3C , F, I,L) was measured inside the cluster outline in a digital photomicrograph of a particular marker molecule using the 'select-circumscribe' and 'measure pixel brightness' tools in Photoshop. The average and SD of the pixel brightness (0 -100%) was calculated and displayed in a histogram with Excel (Microsoft).
Three-dimensional reconstruction of PC clusters from serial sections. When making drawings of identified clusters in serial sections, we superimposed drawings on photographs of coronal serial sections of the cerebellum that had been double-labeled for Foxp2 and ␤-gal 1NM13 as an accurate reference of position in Adobe Illustrator. The drawings were imported into three-dimensional (3D) graphics software (Rhinoceros 4, Robert McNeel & Associates) and then sifted in the direction of the z-axis (rostrocaudal). The 3D model (see Model 1) was then reconstructed from drawings by using the "loft" command in Rhinoceros (Sugihara and Shinoda, 2007) . Reconstructed PC clusters were colored in dark or light blue according to the ␤-gal 1NM13 expression pattern.
Since accurate identification of clusters was essential in finalizing the 3D reconstruction, we carefully compared the cluster arrangement in the 3D reconstruction with the cluster arrangements in serial coronal and horizontal sections of other cerebella of the same developmental date. When discrepancy was observed, we revised cluster identification and reconstruction until no discrepancy was seen.
Serial section alignment analysis. To clearly distinguish between neighboring compartments, we clipped the same target area (a narrow trans- Figure 5 . 3D reconstruction of all E17.5 PC clusters. A-E, Methods for the 3D reconstruction of PC clusters. Contours of individual clusters depicted in consecutive coronal sections of the cerebellum (A-C) were aligned in 3D space (D). PC clusters were then reconstructed by using the "loft" command in Rhinoceros software (E). F-J, Reconstruction of all PC clusters in the E17.5 hemicerebellum (right-hand side in F, H-J; left-hand side in G) viewed from various directions. The clusters are shown with the temporary name, where the color indicates the ␤-gal 1NM13 expression level. Yellow bars indicate cerebellar fissures that were recognized at E17.5. Opaque whitish areas circumscribed by an orange line indicate the inner part of the cerebellum (or clusters viewed through it). Scale bar in C applies to A-C.
verse band of the PC layer) in photomicrographs of consecutive sections taken with either a AF-5000 film scanner or a DP-50 digital camera, and aligned the clipped areas in order. Some clipped areas were rotated and/or shifted so that they would show good alignment with neighboring sections.
Mapping of molecular expression patterns on the unfolded cerebellar cortex. To make schematic illustrations of the unfolded cerebellar cortices of mice at E17.5 and P6, the longitudinal (rostrocaudal) length of the PC layer of each lobule was measured in multiple Nissl-stained parasagittal sections every 200 m from the midsagittal plane. Since PCs were organized into clusters that sometimes overlay one another at E17.5 (see Results), the rostrocaudal length was measured at the most superficial positions of PC clusters in each combined lobule (lobules I-III, IV-V and so on) in Nissl-stained serial sagittal sections. For the paraflocculus and flocculus at P6, the cortical orientation of which was different from that of the rest of the cerebellum as in adults (see Results), the longitudinal length of the PC layer of each lobule was measured in coronal sections. The mediolateral length of the PC layer of each lobule was measured along the apex of each lobule. An unfolded scheme of the E17.5 and P6 mouse cerebellar cortex was then formulated based on these measured lengths by referring to a similar scheme the adult rat , adult mouse (Sugihara and Quy, 2007) and adult marmoset (Fujita et al., 2010) . The 3D reconstruction of the E17.5 cerebellum (see Results) was also referred to when we made the E17.5 scheme. Crus I was arbitrarily made straight in the lateral direction for consistency in the unfolded schemes.
Molecular expression patterns visualized by X-gal staining or by immunostaining in serial coronal and horizontal sections were carefully mapped on the unfolded scheme in the same way as aldolase C and FoxP2 expression patterns were mapped in the unfolded schemes (Sugihara and Quy, 2007; Fujita and Sugihara, 2012) . The mapped patterns were confirmed by serial section alignment analyses.
Results

PC distribution in the E17.5 cerebellum
To analyze compartmentalization of the PC layer in the embryonic cerebellum, the distribution of all PC populations had to be clarified. Since PCs were not clearly distinguishable from other cells morphologically at the embryonic stage, a specific marker molecule for embryonic PCs, such as FoxP2, was useful for identifying them. Double-labeling of FoxP2 and ROR␣, another marker molecule for the nucleus of early PCs (Nakagawa et al., 1997), in E17.5 serial cerebellar sections showed that their labeling patterns coincided with each other in the PC layer throughout the cerebellar cortex (see Fig. 2 B-E). Cells that were located relatively sparsely in the deep part of the cerebellum were labeled for FoxP2, but not for ROR␣ (see Fig. 2 D, asterisk), and were hence regarded as nuclear neurons (Fujita and Sugihara, 2012) . Close observation showed that PCs in a few areas in the flocculonodular lobe were scarcely labeled for FoxP2, as reported previously (Fujita and Sugihara, 2012), but were uniformly labeled for ROR␣ (data not shown). Thus, FoxP2 was regarded as a specific marker of embryonic PCs in most, but not all, lobules of the cerebellum. However, the labeling intensity of FoxP2 was much more variable among different areas of the embryonic PC layer than that of ROR␣ (see Fig. 2 B, C). Since this was useful for identifying PC subsets (below), we preferentially used FoxP2 labeling in the present study.
PCs that were labeled for FoxP2 and/or ROR␣ formed aggregations in the immature PC layer (see Fig. 2B -D). As described in later sections, we designate the smallest aggregations of PCs, which were identified by their distinct molecular expression profiles, as "clusters" in this paper. Therefore, we cannot exclude the possibility that a cluster shown in the present study may be further subdivided. Individual clusters were often separated by space (designated "PC gaps") that was filled mainly with cells that were not labeled for FoxP2 or ROR␣ (see Fig. 2E , arrowheads). Some PC gaps were wide enough to be consistently observed through serial sections.
Identification of PC clusters based on expression patterns of marker molecules
To identify clusters of the E17.5 PC layer, we looked at labeling patterns of several molecular markers of PC subsets as well as PC gaps. ␤-Gal 1NM13 is expressed in multiple stripe-shaped subsets (Furutama et al., 2010) . Double-staining of FoxP2 (brown) and ␤-gal 1NM13 (blue) in serial coronal and horizontal sections (see Fig. 2 F-M ) enabled us to identify PC clusters throughout the E17.5 PC layer by looking at PC gaps and expression patterns (presence or absence of expression and expression intensity) of ␤-gal 1NM13 and FoxP2. In the whole-mount preparation, ␤-gal 1NM13 is intensely expressed in two areas (medial and lateral) and weakly expressed in several neighboring areas (Figs. 1 A, 2A) . In serial coronal and horizontal sections, these areas were clearly identified as distinct clusters and the positional relationship with regard to other neighboring clusters was mapped (Fig. 2 FЈ-MЈ) . For example, the medial intensely ␤-gal 1NM13 -positive area was identified as clusters vp3 and vp4 (meaning #3 and 4 in the vermis-posterior; see Results, below, for the nomenclature of clusters) and located in lobules VI-VIII, IX and X. The lateral intensely ␤-gal 1NM13 -positive area was identified as clusters ha2, hc1 and hp2 and located in the simple lobule, crus I and crus II-copula pyramidis, respectively (Fig. 2 F-MЈ, blue clusters) . Although many clusters were distinguished by double-labeling for FoxP2 and ␤-gal 1NM13 , ␤-gal 1NM13 -negative PC clusters were not clearly identified with this double-labeling. Therefore, we examined the expression patterns of other specific marker molecules for PC subsets: PLC␤4, EphA4 and Pcdh10. Both heterozygous Model 1. 3D representation of E17.5 PC clusters. All PC clusters and immature fissures in the E17.5 hemicerebellum (left-hand side) are represented in the 3D space. The contents are the same as shown in Figures 5F-J and 8B. This file contains a list of 3D objects to show or hide individual clusters and fissures. They can also be viewed from any directions. "Left," "Top," "Front," "Right," "Bottom," "Back" views (in the view list of the file) actually shows the left (lateral), caudal, ventral, right (medial), rostral, dorsal aspects of the representation. Cluster vt1 and its midline cross section ("midline") are formed with multiple objects for technical reason in this 3D representation. Scale bars, 500 m.
(1NM13) and wild-type embryos and pups were used in these experiments. X-gal labeling of ␤-gal 1NM13 was done in heterozygous embryos and pups. Since we did not observe any differences in shapes or locations of the PC clusters or in any other brain morphology between heterozygous and wild-type embryos and pups, we did not distinguish them unless X-gal labeling was needed.
Concerning these molecules, PLC␤4 is expressed in aldolase C-negative PC subsets in the adult cerebellum, but its heterogeneous expression in PC subsets emerges in the embryonic stage (Wilson et al., 2011) . Since EphA4 is heterogeneously expressed in certain subsets of inferior olive neurons and their axons (Hashimoto et al., 2012) , axonal expression of EphA4 is observed in some PC clusters, in some areas in the cerebellar nuclei, and in some deep medullary areas of the cerebellum. Pcdh10 is expressed heterogeneously in certain PC subsets in the embryonic and early postnatal stages (Hirano et al., 1999) . In the present study, we double-labeled each of these markers (magenta or red) with FoxP2 (green) in coronal and horizontal serial sections (Figs. 3, 4 ). Since these marker molecules are expressed in the soma, processes and/or axons of neurons, labeling of the nucleus of PCs with FoxP2 was remarkably useful for locating the distribution of PCs.
The identification of individual clusters through the combination of molecular expression profiles is shown for sample coronal sections at the similar rostrocaudal level (Fig. 3A ,D,G,J). We identified ϳ16 clusters at this level based on the difference in expression profiles of the molecules as mapped in the accompanying drawings (Fig. 3B,E,H,K) . For example, cluster va2 in the center of the section had the highest expression of FoxP2 and PLC␤4 and a low expression of Pcdh10 and EphA4 (Fig. 3A,D,G,J) . The neighboring clusters ic1 and ic2 had an expression profile that was different from that of va2. Clusters ic1 and ic2 could be distinguished from each other since the expression level of Pcdh10 in cluster ic2 was higher than that in ic1 and since there was a PC gap between them. Measurements of the expression intensities of molecules in nine clusters in the dorsal aspect (Fig. 3C,F,I ,L) indicated that each cluster had distinct expression profiles of these molecules. We identified PC clusters in a similar way in complete serial coronal and horizontal sections of the E17.5 cerebellum.
PC cluster distribution in the E17.5 PC layer
The arrangement of clusters in the PC layer was different in cerebellar sections at different levels (Fig. 1) . This was because each PC cluster had a different shape and because the lateral cerebellum protrudes rostrally. Therefore, to clarify the spatial organization of PC clusters in the whole E17.5 cerebellum, we reconstructed all of the identified clusters in 3D space. We depicted the contours of identified clusters on every serial coronal and horizontal section of the cerebella, in which FoxP2 and ␤-gal 1NM13 were labeled (Fig. 5A-C) . We then imported the drawings to 3D graphics software to reconstruct clusters (Fig. 5D,E) . Immature major cerebellar fissures, which were identified by carefully tracing in serial sections, were also added to the scheme. In the resultant 3D reconstruction ( Fig. 5F-J ; Model 1), we recognized a total of 54 PC clusters. They were located at specific places and had specific shapes and different molecular expression patterns.
Although the 3D reconstruction was originally based on a single E17.5 cerebellum, we carefully compared the cluster arrangement in the 3D reconstruction with the cluster arrangements in serial coronal and horizontal sections of the cerebella of other E17.5 mice (n ϭ 13), which were labeled for various markers, while finalizing the reconstruction. Thus, the cluster arrangement shown in the final reconstruction ( Fig. 5 ; Model 1) was consistent in virtually all E17.5 cases. We did not see any clear interindividual inconsistency in the cluster arrangement, i.e., in general shape or location of the clusters.
While most of the clusters were elongated in the longitudinal (rostrocaudal) direction across immature fissures, some clusters were localized within a single immature lobule. Particularly, vermal lobule X (Fig. 5I ), flocculus (Fig. 5I ) and lateral crus I (Fig.   5H ) tended to have clusters that did not extend beyond immature fissures. Some clusters were positioned on top of other clusters. This complex positioning indicated the rearrangement of clusters during development after E17.5 (later section).
To identify these clusters in the present study, they were classified according to the longitudinal (vermis, v; pars intermedia, i; hemisphere, h; used as the first character) and transverse (anterior, a; central, c; posterior, p; throughout a-p, t; used as the second character) cerebellar subdivisions within which they were mainly located. Clusters that were mainly located in the paraflocculus (pf), flocculus (fl) and nodulus (no) were classified separately. Clusters in each class were then numbered from medial to lateral (the third character). For example, cluster va1 was the most medial cluster in the vermal anterior area.
Compartmentalization of the P6 PC layer according granule cell raphes and molecular expression patterns
To follow the clustered compartmental organization of the E17.5 PC layer to later postnatal stages, we now focused on the P6 cerebellum, in which the basic adult-type morphology began to be established. In the P6 cerebellum, (1) the PC layer became single-cell thick, (2) foliation of major lobules (vermal lobules I, II, III, IV-V, VI, VII, VIII, IX and X, and hemispheric lobules IV-V, simple lobule, crus I, crus II, paramedian lobule and copula pyramidis) became recognizable, and (3) the ␤-gal 1NM13 expression pattern was fully developed (Fig. 1 B; Furutama et al., 2010) . Most embryonic marker molecules of PC subsets lose a clear compartmental expression pattern before P6, and most adult marker molecules of PC subsets are not yet clearly expressed at P6 (see Introduction). However, ␤-gal 1NM13 (Fig. 1 D Hirano et al., 1999) are clearly expressed in a specific PC subset at ϳP6. In addition, granule cell (GC) raphes, which are narrow PC-free spaces filled with GCs in the PC layer, have been observed to subdivide the PC layer into multiple divisions at P6 (Luckner et al., 2001) . GC raphes can be visualized by labeling all PCs with calbindin-D28k (Karam et al., 2001) , which is expressed in all PCs at P6. We carefully examined the positional relationships of expression patterns of these markers by double-labeling ␤-gal 1NM13 and PLC␤4, calbindin-D28k, EphA4 or Pcdh10 in coronal and , and transverse twist (c). B-E, "Longitudinal split"-type transformation in EphA4-positive cluster it3 in crus I. Cluster it3 in the E17.5 cerebellum was shown in dorsal view of whole-mount EphA4 immunostaining (Ba) and in three-dimensional reconstruction with (Bb) and without (Bc) other clusters. Coronal sections immunostained for FoxP2 and EphA4 at E17.5 (C) and P1 (D) shows split of cluster it3 at P1. Serial section alignment analysis for horizontal sections labeled for ␤-gal 1NM13 and EphA4 at P6 (E) shows separation of it3. Cluster/compartment it3 is colored consistently in mappings (Cb, Db, Eb). Red and cyan arrowheads indicate the rostral and caudal parts of cluster/compartment it3, respectively. F-H, "Transverse slide"-type transformation in four clusters/ compartments in crus II (it3, hp1, hp2, and hp3). Horizontal sections of the central cerebellum (lobules IV-V, crus I, and crus II-paramedian lobule-copula pyramidis) immunostained for FoxP2 and PLC␤4 at E17.5 (Fa) and P1 (Ga) shows change of cluster disposition as depicted in the accompanying drawings (Fb, Gb). Serial section alignment analysis for horizontal sections labeled for ␤-gal 1NM13 and PLC␤4 at P6 (H ) shows striped alignment of the four compartments in crus II. These compartments are colored consistently in mappings (Fb, Gb, Hb). Red and cyan arrowheads indicate compartments hp1 and hp3, respectively. I-K, "Transverse twist"-type transformation in the paraflocculus. Serial section alignment analysis shows two compartments (it2 and hp2) were continuous across the secondary fissure at E17.5 (Ia) as depicted in the accompanying drawing (Ib). Since these subsets consistently express ␤-gal 1NM13 , they were followed in the caudal view of whole-mount ␤-gal 1NM13 visualization at E17.5 (J ) and P3 (K ). The ventral part in the paraflocculus was twisted rostrolaterally in these clusters. Red and cyan arrowheads indicate clusters/ compartments it2 and hp2, respectively. horizontal serial sections (Fig. 6 ) to clarify the compartmentalization of the P6 PC layer.
Expression patterns of these markers were closely related to GC raphes in the P6 PC layer. For example, two ␤-gal 1NM13 -positive stripes (vp3 and vc2) were consistently observed in the rostral wall of the simple lobule in the pars intermedia. These stripes were bordered by GC raphes (Fig. 6C, filled and open  arrowheads) . The area between these stripes showed the intense expression of PLC␤4 (Fig. 6 E) . Stripes defined by EphA4 and Pcdh10 expression profiles were also bordered by GC raphes (Fig.   6 F-H ) . Each stripe had a specific profile of molecular expression. For example, the relatively wide stripe in crus II and the paramedian lobule indicated by the red arrowheads (it2) in Figure 6 F-H, M, and N was ␤-gal 1NM13 -weakly positive, PLC␤4-weakly positive, EphA4-weakly positive and Pcdh10-positive. Spatial patterns of molecular expression and GC raphes were continuous in the longitudinal direction across lobules (Fig. 6 I, M,N, lines ), but were also clearly different in separate lobules. However, since the cerebellar cortex is deeply foliated at P6, it was difficult to examine the continuity of these patterns in separate sections. There- Figure 9 . Correspondence of molecular expression patterns in compartments throughout the entire cerebellar cortex between E17.5 and P6. A-H, Expression patterns of ␤-gal 1NM13 , PLC␤4, EphA4 and Pcdh10 in PC clusters/compartments mapped on the unfolded scheme of the cerebellar cortex at E17.5 and P6. The labeling intensity of molecules is indicated by the darkness of colors. Compartment boundaries in the deep PC layer are shown with dashed curves in the E17.5 schemes. Thick lines indicate PC gaps and GC raphes. I, J, Clear PC gaps at E17.5 and GC raphes at P6. Each color indicates correspondence. K, Intensity of the molecular expression in individual PC subsets represented by light, medium, or dark colors in the E17.5 (top) and P6 (bottom) cerebellum. Darker colors indicate higher expression intensity. Slashed cells in P6 ␤-gal 1NM13 expression mean that the subset may be separated into multiple small subsets that have different ␤-gal 1NM13 expression profiles. Cells with "?" in P6 ␤-gal 1NM13 expression means that the observation was not clear.
fore, to further clarify the spatial patterns of molecular expression and GC raphes within a single lobule and across lobules, we developed a method which we call "serial section alignment analysis (SSAA)." The PC layer in a particular area (the rostral wall of lobule VIa in the vermis and pars intermedia, in the case of Fig.  6 J) was clipped off in every serial section. The clipped PC layers were then aligned in order (Fig. 6 J) to visualize the longitudinal continuity of molecular expression patterns and GC raphes. Mapping of these patterns in SSAA revealed that the rostral wall of lobule VIa in the vermis and pars intermedia was divided into 14 stripes that were distinguished by PLC␤4 and ␤-gal 1NM13 expression patterns and were often separated by GC raphes (Fig.  6 K, L) . The particular stripes and GC raphes indicated in Figure  6 , C and E, were clearly demonstrated in SSAA (Fig. 6 J, L , filled and open arrows). We performed SSAA in all lobules in the P6 cerebellum to map stripes distinguished by molecular expression patterns and GC raphes in the entire cerebellar cortex (see Consistency of compartmentalization of the PC layer between E17.5 and P6, below).
Individual E17.5 PC clusters became distinct P6 stripes
The organizations of the E17.5 and P6 PC layers were clearly different. The E17.5 PC layer was composed of PC clusters, some of which were located beneath others (earlier section). Therefore, we took a close look at how the E17.5 PC layer was transformed to the P6 PC layer, which has a striped compartmentalization. We first compared the compartments in the PC layer, which were labeled for FoxP2 and PLC␤4, in the coronal sections of the central level of the cerebellum at three successive days from E17.5 to P1 (Fig. 7A-C) . In this level of the coronal section, PLC␤4-positive (va2 and va3), -lightly positive (va4), -negative (ia1 and ia2), -positive (ic3), -lightly positive (ia3 and ia4), -negative (ic5 and it2), -positive (it3), and -lightly positive (hp1) clusters could be identified from medial to lateral at E17.5. Nearly the same set of clusters was seen at P0, and P1, although a few clusters such as ia2 and ia3 gradually disappeared in a single section. At E17.5, clusters were generally thick in the radial direction and sometimes located beneath other clusters. At P0 and then at P1, clusters became generally thinner and less frequently located beneath other clusters, which was caused by the tangential rearrangement of PC clusters. Thus, the PC layer became more flattened and clusters became more aligned on a single plane in the PC layer at P1 than at E17.5. This process represented the main developmental transformation of the PC layer during this period. Furthermore, this process of the transformation of the PC layer was accompanied by longitudinal expansion of the PC layer or the cerebellar cortex and foliation of the cerebellar cortex. Indeed, the five fissures of the cerebellar cortex, which were recognized as tiny dents at E17.5, became gradually prominent at P0 and P1 (Fig. 7AЈ-CЈ, colored arrowheads) .
Next, we examined rearrangement of the PC layer compartmentalization from E17.5 to P6. SSAA was applied in the posterior hemisphere (crus II and the paramedian lobule) at E17.5, P0, and P6 (Fig. 7D-F ) . At E17.5, crus II and the paramedian lobule formed a single bulge, where two intensely ␤-gal 1NM13 -positive clusters were seen (vp3-vp4 and hp1-hp2-hp3). Between these clusters, three sets of clusters separated by PC gaps were arranged mediolaterally: ␤-gal 1NM13 -negative (ic1 and ic2), -weakly positive (it2), and -negative (it3) clusters (Fig. 7 D, DЈ) . SSAA at P0 showed nearly the same organization of clusters in the posterior hemisphere (Fig. 7 E, EЈ) . At P6, SSAA in the posterior hemisphere became more complicated since crus II, the paramedian lobule and copula pyramidis made distinct folia. However, the two intensely ␤-gal 1NM13 -positive stripes (vp3-vp4 and hp1-hp2-hp3) were clearly seen. Between these stripes, three sets of stripes separated by GC raphes were arranged mediolaterally: a ␤-gal 1NM13 -negative (ic1 and ic3), -weakly positive (it2), and -negative (it3) stripes (Fig.  7F,FЈ) . These results indicated that the compartmental organization of the PC layer in the posterior hemisphere was almost the same between E17.5 and P6. Distinct clusters at E17.5 were transformed to distinct stripes at P6. Furthermore, all of the PC gaps at E17.5 were transformed to GC raphes at P6. Therefore, we used the same nomenclature to designate PC stripes at P6 as that for the clusters at E17.5. Similar analyses in other areas basically gave consistent results.
Rearrangement of PC clusters
Peri-and postnatal growth of the cerebellar cortex is accompanied by the general rostrocaudal dispersal of PCs (Sgaier et al., 2005) . In addition to this rostrocaudal dispersal, our analysis showed that development of the PC layer also involved the distinct tangential rearrangement of PC subsets (Miyata et al., 2010) . Closer observation revealed three particular types of rearrangement of PC subsets, from a clustered and layered configuration to a striped and flattened configuration (Fig. 8 A) .
Some clusters that were located beneath other clusters were separated into the two portions that migrated rostrally and caudally ("longitudinal split," Fig. 8 Aa). The example in Figure  8 B-E focused on an EphA4-positive cluster (it3) in the central hemisphere (crus I). Whole-mount immunostaining for EphA4 labeled not the whole cluster it3, but rather its two separate portions that were close to the cerebellar surface at E17.5 (Fig. 8 Ba, red and cyan arrowheads). However, 3D analyses from serial sections showed that these portions were parts of the same cluster (it3) that was long in the mediolateral direction and located, at its middle, beneath an EphA4-negative cluster (it2 and ic5) at E17.5 (Fig. 8 Bb,c,C) . This cluster (it3) was split mediolaterally at P1 beneath other clusters (it2 and ic5) at P0 (Fig. 8 D) . Since the lateral part of the cerebellum is curved to protrude rostrally in this developmental stage, the mediolateral direction in the coronal section partly represented the longitudinal (rostrocaudal) direction. At P6, these clusters became separate EphA4-positive stripes in the rostral and caudal wall of crus I (Fig. 8 E, red and  cyan arrowheads) .
Some clusters that were located beneath other clusters migrated medially or laterally to completely face the surface of the PC layer ("transverse slide," Fig. 8 Ab). The example in Figure  8 F-H shows the transformation of four clusters (it3, hp1, hp2, and hp3) in the posterior hemisphere (crus II), among which cluster hp2 was PLC␤4-negative and clusters it3 and hp1 were separated by a clear PC gap (Fig. 8 F, red and cyan arrowheads) . Clusters hp1 and hp3 were mostly and partially located beneath cluster hp2, respectively, at E17.5. They gradually migrated medially and laterally, respectively, at P1 (Fig. 8G ). They were completely located on the medial and lateral sides of stripe hp2 (former cluster hp2) at P6 (Fig. 8 H, red and cyan arrowheads) . The expression pattern of PLC␤4 was consistent in these clusters from E17.5 to P6.
Clusters located across the secondary fissure (boundary of the caudal hemisphere and paraflocculus) became nearly separated since the paraflocculus was rotated rostrally in the early postnatal stage ("transverse twist," Fig. 8 Ac) . At E17.5, some ␤-gal 1NM13 -positive clusters were continuous across the bottom of the secondary fissure (Fig. 8 I, it2 and hp2; red and cyan arrowheads) . The parafloccular parts of these clusters were shifted laterally and rotated rostrally while the rest of these clusters remained at their original positions (Fig. 8 J, K ) . The ␤-gal 1NM13 expression pattern of these clusters was consistent during this period.
Consistency of compartmentalization of the PC layer between E17.5 and P6
By applying SSAA in various areas at E17.5, P0, P1, P3, and P6, and by considering the rearrangement of clusters, we followed almost all of the individual clusters in the E17.5 PC layer to individual stripes in the P6 PC layer throughout the entire cerebellar cortex. All of the clusters and stripes as well as PC gaps (GC raphes) are depicted in the schemes of the unfolded cerebellar cortex at E17.5 and P6 (Fig. 9 A, B) . Clusters and stripes were colored according to the expression patterns of ␤-gal 1NM13 and other markers. The scheme for the E17.5 PC layer (Fig. 9A) , which shows the same organization of clusters as in the 3D scheme in Figure 5 , was more complicated than the scheme for the P6 PC layer to show the overlapping of multiple clusters. At P6, the PC layer is mono-cell thick and divided by GC raphes. GC raphes were almost always located on the boundaries between stripes that expressed molecules differently at P6 and could be traced back to PC gaps at E17.5 (Fig. 9 I, J ) .
Individual stripes at P6 were located approximately in the same position as their original PC clusters at E17.5 in relation to neighboring stripes and fissures. The molecular expression patterns in clusters or stripes were not exactly the same between E17.5 and P6, since several more stripes expressed ␤-gal 1NM13 at P6 (Fig. 9 A, B) and the expression levels of molecular markers in individual stripes sometimes changed between E17.5 and P6. However, the consistently high expression of ␤-gal 1NM13 , PLC␤4, EphA4 or Pcdh10 in the compartments vp3, vp4, ic4, ic5, hc1, ha2, hp2 pf2 and no5; vt2, vt3, va2, ic3, hp1, ha1, hp3, ha3, fl4 and fl5; it3, ia5, hp3, ha4, hp4, ha6, ha5, fl4 and fl5; vt4, vc1, va1, ic2, ip3, it2, ic5 and it2, respectively, was particularly useful for following these compartments (Fig. 9A-H ) . The consistently moderate or absent expression of these markers was also useful for following compartments. However, we could not follow a small number of clusters (va3, ia1, ia2, ia3, and ia5) since they could not be clearly distinguished from neighboring clusters during development from E17.5 to P6. This was because the PC gaps that separated them gradually became ambiguous without developing to GC raphes and because the difference in the expression profiles of molecular markers was not very clear between them. They may represent a group of PCs migrating to join a neighboring cluster.
Finally, we summarized the expression patterns of FoxP2, ␤-gal 1NM13 , PLC␤4, EphA4, and Pcdh10, in all clusters at E17.5 and all stripes at P6 (Fig. 9K ) . Although the molecular expression profile of each cluster was not always consistent during development, the original clusters were identified for almost all of the stripes at P6. Several sets of clusters showed similar molecular expression profiles, which were arbitrarily positioned close in the diagram. However, many clusters had unique molecular expression profiles. Although the molecular expression profiles did not seem to be random, it was generally difficult to find a simple relationship between molecular expression profiles and spatial arrangements of PC clusters. However, we could observe that stripes located in the rostral and caudal parts of the cerebellum at a similar mediolateral position sometimes showed similar molecular expression patterns, such as ha1-hp1, ha2-hp2, and ha3-hp3, which resembles the feature of aldolase C expression in adult stripes (Sugihara and Shinoda, 2007) .
Discussion
The present study has shown that the embryonic PC layer already has fine compartmentalization into ϳ50 clusters of PCs at E17.5. Individual E17.5 clusters generally develop into individual postnatal striped compartments through a set of rearrangement processes. The modes of developmental rearrangement of E17.5 PC clusters to striped P6 compartments have also been revealed. Thus, the present study has critically related the E17.5 clustered organization to the adult-type striped organization in the developing cerebellar cortex. It still remains unclear how and when the clustered PC compartments are formed before E17.5. The functional implication of clustered compartmentalization and its rearrangement processes will be discussed.
PC clusters in the E17.5 cerebellar cortex
PCs are generated during the period from E10.5 to E12.5 in the neuroepithelium of the cerebellar primordium (Hashimoto and Mikoshiba, 2003) . Early PCs migrate radially (Rakic and Sidman, 1970; Altman and Bayer, 1985) and/or tangentially from caudal to rostral (Miyata et al., 2010) toward areas beneath the outer surface of the cerebellar primordium. In the late embryonic period ϳE17.5 (E19 in the rat), PCs are densely distributed in the area beneath the outer surface (80 -300 m deep) of the entire cerebellar primordium (Wassef and Sotelo, 1984) , and form the 
Reference key is as follows: 1, The present study; 2, Hashimoto and Mikoshiba (2003) of Altman and Bayer (1997) . Since the previous studies were based on a small number of sections and/or whole-mount preparations, these studies seems to be inadequate for identifying the complete set of compartments that were identified in the present study. Correspondence was inferred based on the shape and localization of the clusters and the reported expression patterns of marker molecules. In some cases, when the nomenclature was not consistent through the study, we focused on a particular figure of the study. Studies were performed in the mouse unless "rat" is added.
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immature PC layer. The present study has revealed how PC subsets are organized at this stage.
In the present study, we looked at serial sections of the entire cerebellum in which we had specifically labeled PCs by the immunostaining of FoxP2 in combination with other marker molecules to identify and reconstruct what appear to be all of the E17.5 clusters. The cluster arrangement that we demonstrated was consistently seen in all examined cases. Previous reports on the compartmentalization of the embryonic PC layer (Wassef and Sotelo, 1984; Oberdick et al., 1993; Millen et al., 1995; Altman and Bayer, 1997; Hashimoto and Mikoshiba, 2003; Larouche et al., 2006; Sillitoe et al., 2009; Wilson et al., 2011) were based on a small number of sections and/or whole-mount preparations. Therefore, these studies could not clarify the detailed organization of PC clusters throughout the entire embryonic cerebellum. However, we can infer how the clusters reported in these previous studies correspond to the clusters identified in the present study (Table 2) .
Functional significance of clustering of PCs
Neuronal clustering may be essential in development of compartmentalization for topographic afferent and efferent connections in some brain areas. In the ventral horn of the spinal cord, motor neurons that innervate different muscles emerge as clusters (Jessell et al., 2011) , which is essential for correct innervation of afferent axons (Sürmeli et al., 2011) . Projections of climbing fibers and mossy fibers, which have compartment-specific topography in adult Shinoda, 2004, 2007; Quy et al., 2011) , begin to form in the cluster stage (Sotelo et al., 1984; Ashwell and Zhang, 1992; Paradies and Eisenman, 1993) . It is not clear how precise topography the immature projections of climbing and mossy fibers have at this stage. However, we speculate that Ͼ50 clusters, which have different expression profiles of molecules, may secure the development of proper topographic connections in the cerebellar cortex through molecular matching between PCs and afferent axons (Sotelo, 2004) .
Indeed, EphA4, a molecular marker that was used in the present study, is one of the Eph receptor tyrosine kinases, which play a role in axonal guidance, boundary formation and cell migration in the retinotectal system and other CNSs (Flanagan and Vanderhaeghen, 1998 ). In our case, EphA4 may be expressed mainly in olivocerebellar axons, which have basically become established by the perinatal period with sufficiently precise topographic patterns. Cadherin family molecules are involved in cell adhesion, formation of axonal projection and synaptogenesis (Redies, 2000) . In addition to EphA4 and Pcdh10, expression of which the present study examined, other Eph receptor tyrosine kinases and cadherin family molecules are expressed in a compartment (or cluster-)-specific manner in the immature mouse cerebellar cortex (Karam et al., 2000; Neudert et al., 2008) . These molecules are also expressed cluster-specifically in spinal motor neurons and are involved in formation of topographic sensorimotor neuronal circuits (Flanagan and Vanderhaeghen, 1998; Price et al., 2002) . Thus, cluster formation is one of the basic mechanisms that enable organized topographic connection of growing axons in the CNS. Factors that are involved in formation of clusters, as demonstrated in the spinal cord (Dasen et al., 2008) , may be studied in the cerebellum.
Development of the PC layer after E17.5
Whereas PC clusters are arranged into multiple layers at E17.5 (designated the "cluster stage" here), all of the clusters are located within a roughly flat PC layer at ϳP1 as a result of the rearrangement of PC clusters. The PC layer is still multi-cell thick at this stage (designated the "multicell stage"). With the further rostrocaudal expansion of the cerebellum, the PC layer becomes monocell thick at ϳP6 (Altman and Bayer, 1997) . GC raphes, which are remnants of the PC-free space between clusters as revealed in this study, separate the PC layer at this stage (designated the "raphemonolayer stage"). GC raphes disappear later (Luckner et al., 2001 ) by adulthood (designated "developed stage"). As revealed in the present study, these transformations of the PC layer are closely related to the development of the compartmental organization in the PC layer.
The reorganization of clusters into monolayered stripes is unique to the cerebellar cortex. Although we have shown some details of this reorganization, mechanisms for this process may be studied further. This reorganization process may be accompanied by refinement of axonal projections. Climbing and mossy fiber projections suffer significant pruning and reorganization of the projection in the same period (Arsénio-Nunes and Sotelo, 1985; Sotelo, 2004; Sugihara, 2005) . Intensity of molecular expression changes dynamically in clusters during the period between E17.5 and P6. For example, EphA4 expression generally decreases, which might reflect pruning of climbing fibers that express EphA4. A gradient in expression intensity of molecules may be involved in the refinement of axonal projection patterns at the local level, as demonstrated in the tectum (Flanagan and Vanderhaeghen, 1998) . A similar mechanism may be involved in refinement of the afferent axonal projection pattern at the substripe or subcompartment level in the cerebellum. Assuming this refinement occurs, each cluster or stripe may be subdivided into multiple subareas that are involved in related but different cerebellar functions.
GC raphes and PC gaps in the developing cerebellar cortex GC raphes were first reported in the chick embryonic cerebellum (Feirabend, 1990) . They appear between E8 and E15 in the chick cerebellar cortex as PC-poor gaps in the PC layer and correspond to the boundaries between PC subsets with distinct gene expression profiles (Feirabend, 1990 ; Lin and Cepko, 1998; Karam et al., hc1  hc2  hp1  ha1  hp3  ha3  hp2  ha2  ha4  hp4  ha6  ha5  pf1  pf2  fl2  fl1  fl3  fl4  fl5  no1  no2  no3  no4  no5  --8  8  8  8  8  8  -8  --8  -----------------------------------------------------------------------------------------7 ?  7 ?  ------------------------------------------------------------I  -----------------------C 3  ---2000) . GC raphes also border the PC subsets in the mammalian cerebellar cortex (P0 -P6 in mice; Luckner et al., 2001 ; P0 -P9 in rats, Ji and Hawkes, 1995; E80 -E90 in monkeys, Karam et al., 2001) . While clarifying the striped compartmentalization of the P6 cerebellum, we have identified GC raphes at particular boundaries between PC stripes of distinct molecular expression profiles. We have also revealed that the origin of GC raphes in mice is the PC-free spaces that separate PC clusters in the E17.5 PC layer. Thus, GC raphes can be regarded as an essential landmark structure in the developmental transformation of the PC layer from the cluster stage to the raphe-monolayer stage. Concerning their functional role, the aggregation of GCs and PCs into PC-free spaces and PC clusters, respectively, is presumably mediated by the adhesive function of cadherin family molecules, which are consistently expressed by GCs and PCs (Luckner et al., 2001 ). Thus, we suppose that both structures may be involved in the transformation of the PC layer from the cluster stage to the monolayer stage between E17.5 and P6.
Cortical organization reflected in the E17.5 cluster arrangement Based on the adult rodent aldolase C expression pattern and projection patterns of olivocerebellar and PC axons, it has been proposed that the rostral and caudal parts of the cerebellum have a mirror-image organization about the "rostrocaudal boundary" positioned on crus I Sugihara and Quy, 2007; Sugihara et al., 2009 ). The present study has shown that the ␤-gal 1NM13 -negative cluster is "split" into rostral and caudal clusters underneath the ␤-gal 1NM13 -positive cluster in crus I. This would explain why there are similar projections outside of crus I and why crus I has a different axonal projection. We speculate a similar split of clusters might have also occurred in earlier embryonic date in some other clusters, thus underlying the general mirror-image organization. Overall, the present results indicate that crus I is the key lobule that determines the rostro-caudal arrangement of the cerebellum.
The nodulus (vermal lobule X) and flocculus generally have their own clusters at E17.5. This indicates that these lobules are distinct divisions of the cerebellum from an early stage. On the other hand, the paraflocculus has a cluster organization similar to that in the lateral paramedian lobule, indicating that the paraflocculus could be regarded as a part of the caudal hemisphere .
